New quaternary chalcogenide Ge x Sb 40−x S 50 Te 10 and Ge x Sb 40−x Se 50 Te 10 (x ¼ 20 and 27 at%) glasses have been synthesized and studied by neutron and high-energy X-ray diffraction. Both the traditional Fourier transformation technique and the Reverse Monte Carlo (RMC) modeling of the experimental data have been applied to model the 3-dimensional atomic configurations. From the analysis of the partial atomic correlation functions and structure factors the first and second neighbor distances, coordination numbers and bond-angle distributions are calculated. The influence of S(Se) content on the atomic environment in the glassy structure is considered and discussed in a function of glass composition. In addition, the packing density, average atomic volume and compactness for each composition are determined.
Introduction
Chalcogenide glasses based on sulfide, selenide and telluride alloys in binary or multi-component systems are very promising materials for various optical and photonic applications in the spectral range from 0.6 to 15 mm. These glasses are being studied mostly for applications as passive devices (lenses, windows, fibers) but they are also attractive as active elements in optical devices, such as laser fiber amplifiers and non-linear components.
Nowadays the attention is extended over telluride glasses from quaternary Ge-Sb-S(Se)-Te systems as potential candidates for integrated optics due to their high refractive index and photosensitivity as well as their transparency in the infrared spectral region. This explains the growing interest in these semiconducting materials for manufacturing filters, anti-reflection coatings and, in general, a wide range of optical devices [1] [2] [3] . In recent years the number of papers, dealing with such telluride glasses has increased [4] [5] [6] [7] [8] [9] [10] [11] . Still, there is no comprehensive study of the influence of Te substitution for S(Se) on the structure and properties of the glasses belonging to the quaternary Ge-Sb-S(Se)-Te system.
The glasses with large concentration of S, Se and Te atoms possess strong topologically and compositionally disordered structure [12] and hence attract an enhanced attention to studying their structure in order to establish the local, nearest-neighbor order and the intermediate range order on a scale of several interatomic spacing.
Our recent interest has focused also on quaternary telluride glasses based on Ge-Sb-S(Se)-Te system as new Ge x Sb 40−x S(Se) 50 Te 10 (x¼ 20 and 27 at%) compositions were synthesized by us. We have started to investigate their structure and physical properties, as part of the results are reported herein. In this work we present results on the atomic-scale structural characterization of these glasses using neutron diffraction (ND) and X-ray diffraction (XRD) methods, as for structure modeling reverse Monte Carlo (RMC) simulation is applied. As far as we know, results on structural study of these glasses by means of these methods are not reported yet. The RMC simulation with the high-resolution diffraction data derives high quality information of network structure for these amorphous glasses. In addition, we evaluated some physical parameters of the studied glasses, namely the material density, packing density, average atomic volume, compactness, coordination number and number of constrains, as their behavior in dependence on glass composition are considered.
Experimental details

Glass synthesis and density measurement
The bulk glasses with composition of Ge x Sb 40−x S 50 Te 10 and Ge x Sb 40−x Se 50 Te 10 (x ¼20 and 27 at%) were synthesized from 5 N purity elements by the conventional melt-quenching method. The synthesis was performed in a rotary furnace, as the glass components of a proper composition were placed in quartz ampoules, which were evacuated up to 10 −3 Pa residual pressure.
The ampoules were heated up to 950 1C and were kept at this temperature for 24 h, rotating the furnace for homogeneous melting. After finishing the synthesis, the ampoules were pulled out and sharply dropped to room temperature, quenching in air. Finally, the bulk glasses were taken from the ampoules and part of the materials were powdered for the ND and XRD measurements. The density ρ, of the synthesized bulk material was measured by applying Archimedes method using the hydrostatic weighing in toluene. The ρ values were determined from the relation ρ¼ρ tol W air /(W air −W tol ); where W air and W tol are the weight of the sample in air and in toluene, respectively. For each composition, the weighing in air and in toluene was repeated four times and the obtained ρ values were averaged. Each ρ value was determined with an accuracy of 70.01 g/cm 3 .
Neutron and X-ray diffraction measurements
In order to get information about the structure and chemical bonding from the neutron diffraction data, two types of measurements were carried out. The neutron diffraction (ND) measurements were performed in a relatively broad momentum transfer range,
, combining the data measured by the 2-axis 'PSD' monochromatic neutron diffractometer (λ 0 ¼1.068 Å; Q ¼0.45-9.8 Å −1 ) [13] at the 10 MW Budapest research reactor and by the time-of-flight 'HIPPO' instrument [14] at the LANSCE pulsed neutron source Q ¼0.9-40 Å −1 . For the two experimental instruments, the powder samples of about 3-4 g/each were placed in cylindrical vanadium containers of 8 mm diameter. The structure factors, S(Q)'s were evaluated from the raw experimental data using the program packages available at the two facilities. The two sets of S(Q)'s were obtained in the momentum transfer range of Q¼ 0.4-9.6 Å −1 and 1. glasses however, good S(Q) results were obtained only from the 'PSD' diffraction measurements. The high-energy XRD measurements were carried out at the BW5 experimental station [15] at HASYLAB, DESY. The powdered samples were filled into quartz capillary of 2 mm in diameter (wall thickness of 0.02 mm). The energy of the radiation was 109.5 keV (λ 0 ¼ 0.113 Å). Raw data were corrected for detector dead time, background, polarization, absorption, and variations in detector solid angle. The XRD structure factor for the Ge-Sb-S-Te samples was obtained up to 25 Å −1 because for higher Q-values the noise increased and the signal-to-noise ratio became very small. The experimental S(Q) data obtained from the ND and XRD measurements were simulated applying the RMC method [16] using the software package RMC++ [17] . The RMC simulation program run until finding the minimal squared error arising from the difference between the experimental S(Q) values and the simulated S(Q) values calculated from a three-dimensional atomic configuration.
Results and discussion
Density of the synthesized glasses
The results from the density (ρ) measurements are summarized in Table 1 . In the table are also given the corresponding molecular weight and packing density values. The latter are calculated from the ratio Nρ/M, where N is the Avogadro's number and M is the molecular weight, both quantities are also given in smaller S atom (r¼1.00 Å) the packing density decreased when S atoms were substituted with Se atoms in the glassy compositions. The material density and corresponding packing density are used further in the RMC simulation procedures and for determination of some physical parameters, namely the average atomic volume, compactness, coordination number, number of constrains and cohesive energy of the studied glass compositions. In these calculations we used physical parameters of the constituent elements, which are presented for reader's convenience in Table 2 together with the corresponding Refs. [18-22].
RMC modeling of the ND and XRD data
The experimental data were simulated considering each composition as three-dimensional atomic configuration to reproduce simultaneously the neutron and high-energy X-ray diffraction structure factors. For the RMC starting model we used the density data in Table 1 10 glasses, respectively. For the four component systems considered here we had ten pair-correlation functions. It should be noted that the diffraction studies of these glasses are complicated due to the possible overlapping of the pair correlation functions.
The actual computer configuration was modified by moving the atoms randomly until the calculated S(Q) values coincided with the experimental data within the experimental errors. Moves were accepted only if they were in accordance with certain constraints. In the RMC simulation procedure two types of constraints, namely the minimum interatomic distances between atom pairs (cut-off distances) and connectivity constraints were used. In the calculation runs, those interatomic cut-off distances were chosen which yielded the minimal difference between the calculated and Table 3 Final set of minimum interatomic distances (cut-off) of atomic pairs in the studied glasses.
Atomic pairs
Cut-off distances (Å) experimental structure factors. Because of possible overlapping the first neighbor's distributions, the cut-off distances were increased assuming that there were no first neighbor distances between Ge-Sb and Te-Te atom pairs in the tight primary structure.
The cut-off distances between atomic pairs, used in the final RMC simulation runs are summarized in Table 3 . The experimental structural factors S(Q) obtained from the ND and XRD measurements of the studied compositions are presented in Fig. 1 , where are also given the total structure factors obtained from the RMC data simulations (solid lines). The simulation curves are highly stable and reproducible. The shape of the spectra reveals that the glasses are amorphous having short-range and the medium-range structural ordering. At first sight, the S(Q)'s are similar to each other, however, several fine details are different. The obtained values of the first neighbor distances of the basic chemical bonds existing either in S-series or in Se series are as follows: 2.1 70.1 Å for Ge-S (Fig. 2a) ; 2.4 70.1 Å for Ge-Se (Fig. 3a) ; 2.4 7 0.1 Å for Sb-S (Fig. 2b ) and 2.4 70.1 Å for Sb-Se (Fig. 3b) . For the S-Te (Fig. 2d) and Se-Te (Fig. 3d) bonds, the first neighbor distances are 2.9 70.1 Å and 2.7 70.1 Å, respectively. In these g ij (r) spectra the change of Ge/Sb ratio has a weak influence on the peaks position. For the S-S (Fig. 2c) and Se-Se (Fig. 3c) homopolar bonds, the first neighbor distances are 2.0 70.1 Å and 2.4 70.1 Å, respectively. The obtained bond distances for Ge-S, Ge-Se, S-S and Se-Se are well correlated with those reported in the literature [23] [24] [25] . As is seen from Figs. 2 and 3, well-defined second-neighbor distances in the region of 3.5-3.9 Å are registered only for the Se-containing compositions suggesting a more ordered glassy network in this series.
In Fig. 4 are presented the g ij (r) functions of Ge-Ge, Ge-Te, Sb-Sb and Sb-Te chemical bonds, being common for both the S-and Seseries glassy compositions. For the Ge-Ge bonds (Fig. 4a) , two peaks are obtained, both being sharper and more intense for the S-series glasses. The first well defined peak is at 2.4070.01 Å for both series of glasses. The second peak, related to second neighbor distances is less intense and much broader than the first one. It appears at 3.670.1 Å and at 3.870.1 Å for the S-series and Seseries, respectively. The obtained Ge-Ge bond distances are close to the literature data [26] [27] [28] [29] . The Ge-Ge second neighbor distances are characteristics for Ge-edge sharing or Ge-corner sharing tetrahedra.
For the Ge-Te bonds (Fig. 4b) , the first peak is registered at 2.6 70.05 Å in both series of glasses. These values are in good accordance with those found in refs. [28] [29] [30] . For the S-series, the second neighbor distances are registered at 3.6 70.1 Å, while for the Se-series they are at 3.8 7 0.1 Å.
For the Sb-Sb and Sb-Te bond lengths, the RMC results show two well-defined peaks, at shorter and longer distances, being very stable for the both series of glassy compositions. For the Sb-Sb bond lengths (Fig. 4c) , the first peaks are registered at (Fig. 4d) , the first peaks appear at 2.8 7 0.05 Å and 2.7 70.05 Å, while for the second-neighbors the peaks are at 3.6 70.1 Å and 3.5 70.1 Å, for the S-series and Se-series, respectively. In general, chalcogenides have different phases with a microstructure being dependent on average coordination number of given composition. Germanium, antimonium, sulfur, selenium and tellurium are elements of groups IV, V and VI, respectively. This determines the covalent character of the interaction between constituent atoms and results in a broad glass-forming region. The composition dependence of many physical properties of Ge-Sb-S(Se)-Te glasses shows anomalous variation of average coordination numbers. For ideal case, in Ge-Sb-S(Se)-Te system the coordination numbers satisfy the 8-N rule of covalent networks (N is the number of valence electrons). In the structures of related materials usually the Ge, Sb, Te atoms have lower coordination numbers. In the calculation of the coordination number distributions and average values by RMC modeling we applied connectivity constrains considering that Ge atom had 4 neighbors, Sb atom had 3 neighbors, S and Se atoms had 2 neighbors per each. The partial coordination numbers (CN ij ), i.e. the number of j atoms around i atom in the i-j atomic pair, describe the coordination environment of the possible atomic pairs in the glassy network. The CN ij values obtained from the RMC simulations within certain interval of bond distances are summarized in Table 4 , where the cut-off ranges used in the simulations are also given.
From the simulation results the total coordination numbers (CN) for each constituent atom in the studied Ge-Sb-S(Se)-Te glasses was counted. The deviation from the 8-N values indicated that the error in the coordination numbers was high. The estimated error for the studied glasses was in the order of a few percents and, thus the error of CN ij values was within 70.05-0. 15 10 glasses these quantities were as follows: for Ge atom-3.3 and 3.24; for Sb atom-2.51 and 2.68; for Se atom-1.92 and 2, respectively. As is seen, all the RMC configurations yielded CN values being lower than the expected ones and those given in the literature [26] . The S and Se average coordination number remained roughly static over the models while the Ge and Sb average coordination number increased with increasing Ge concentration. For the Te atom, the CN values also differ from the expected CN¼2 in all the studied compositions, as in the S-series the CN values are closed to 2, while in the Se-series Te atom is highly under-coordinated. In both the S-and Se-series, the total CN tends to decrease with increasing of Ge concentration. For the Ge 20 The total coordination number carries information about the structural units in the glassy network. It is known that Ge atoms prefer to form tetrahedral units with total CN equal to 4 [27, 29, 31] . Fourfold Ge atoms being close to Ge-4 configuration illustrates that the studied systems still follows the general trend of moving towards tetrahedral bonding with increasing Ge concentration.
A similar trend appears for Sb-3 pyramidal units. Nevertheless, our RMC modeling revealed that Ge atoms are under-coordinated and by increasing the Ge content CN has a tendency to increase. The values of CN Ge less than 4 mean that if Ge atoms form tetrahedral structural units they are considerably defected and/or distorted. The total coordination number of Sb atoms in the studied glasses is close to 3-fold coordinated Sb atoms, the total CN values of S and Se atoms are close to 2-fold coordinated S and Se atoms and, all they are close to the literature data [32, 33] .
Although the obtained coordination number values are sometimes contradictory, they support the earlier observations [34, 35] Ge-Ge 0. For the Ge related chemical bond angles (Fig. 5a,b ) two welldefined angular distribution peaks are registered as the first peak is more intense and broad. For the Se-series of glasses, the peaks appear around 1087 21 and 60 711, while for the S-series of glasses they are at 1037 31 and 60 711. Our bond angles are close to those reported in [23, 26, 36] and the main peak at 1081 or 1031 is close to the ideal tetrahedral angle of 109.51 [31] . In amorphous GeSe 2 alloy the angular distribution peaks for the Ge-Se-Ge angles are detected near 1101 and 801 [26] . In our Se-series these peaks appear at 1037 31and 607 1 o (Fig. 5c ) but in the S-series glasses only one well pronounced peak is registered around 77731 in the Ge-S-Ge bond angles distribution (Fig. 5d) . For the Sb related chemical bond angles (Fig. 5e,f) , the peaks of the Se-Sb-Se distribution are at 107721 and 60 711 (Fig. 5e ) while for the S-Sb-S angle distribution only one well-pronounced peak is registered around 48 721 (Fig. 5f ). Distribution angle around 1071 is characteristic for the trigonal pyramid unit. This means that in the Se-glasses the Sb atoms form well defined trigonal pyramids. This structural formation is supported by the total coordination number value of Sb atom which is close to 3. Since in the S-series glasses the total CN of Sb is also close to 3, it is expected that Sb atoms form also trigonal pyramid units in these glasses. However, the luck of 107 o distribution angle points out that if there are such structural units they should be strongly distorted.
The RMC simulations showed poor statistics for the possible angles distribution of Te related bonds. The results are presented in Fig. 6 . The Ge-Te-Ge and Te-Ge-Te bond-angle distributions show peaks centered about 94 75 1and 90(82) 731, respectively. In the case of ternary a-Ge 2 Sb 2 Te 5 system [36, 37, 38] , the angle distributions for these bonds are similar, as the peaks around 90711 and 50 731 for the Ge-Te-Ge bonds are attributed to the formation of Ge-Ge homopolar bond [39] . These data are in good agreement with our results in Fig. 6 .
The presented RMC simulation results reveal a glassy structure with deformed and/or distorted basic units. They show that Ge atoms are present in distorted tetrahedral units. The Sb environment is characterized with less defective trigonal units, which are better determined in the Se-samples than in S-samples. All these are evident for more ordered structure of the Secontaining glasses. 
Calculation of physical parameters of the synthesized glasses
For each composition, the average atomic volume (V a ), compactness (δ) and the number of constraints (N s ) are evaluated using the known physical parameters of the constituent elements presented in Table 2 . The obtained values are summarized in Table 5 . Based on chemical bond approach [40] and using the Pauling relationships [41] the cohesive energy (CE) values of the possible heteropolar chemical bonds were also estimated. The results are given in Table 6 . The applied equations and calculation procedures for the data presented in Tables 5 and 6 are described in details elsewhere [42] .
The compactness (δ) is a measure of the normalized change of the average atomic volume due to chemical interactions of the elements forming the network of a given glass and, therefore, is associated with the free volume and flexibility of this network [43] . The δ values can be negative and in this case, the glasses possess larger free volume and flexibility. Consequently, δ is more sensitive to changes in the structure of the glassy network than to the average atomic volume V a . The compactness of the S-series glasses is higher than that for the Se-series (Table 5 ). It is evident that both V a and δ values are affected by the interaction between the constituent elements and the connectivity of a glassy network. The stability of the network depends on the atomic arrangements; the stronger the chemical bonds and the shorter the bond length, the smaller the average atomic volume and the larger the compactness of the network. The chemical bonds in the S-series are stronger than the corresponding ones in the Se-series glasses as followed from the energy bond calculations (Table 6) .
Based on the theoretical data for the average coordination number, Z, of a given composition, the number of constraints N s was calculated [42] . This coordination number, Z, is an average number of bonds per atom, characterizes the electronic properties of semiconducting materials, and shows the bonding character in the nearest-neighbor region [44] . The quantity N s is an average number of valence bonding stretching and bending constraints per atom and it is a sum of the radial and angular valence force constraints [45] . According to the constrain theory [46] , the chalcogenide glasses can be organized into three categories: (i) floppy, or under-coordinated glasses with Zo2.4 and N s o3; (ii) optimally-coordinated or ideal glasses with Z ¼2.4 and N s ¼3; (iii) stressed-rigid and over-coordinated glasses with Z4 2.4 and N s 43. In accordance with that, the studied glassy compositions are theoretically over-coordinated and stressed-rigid, as the values of Z are larger than 2.4 and the N s values are larger than 3 (Table 5 ). In general, glasses with N s being either larger or smaller than 3, have a highly defective structure. This statement is supported by the RMC results revealing distorted tetrahedral and trigonal pyramidal structural units and bond angle distributions corresponding to tight structure formation in both, the S and Se series of glasses. In addition, the RMC simulations registered the existence of homopolar Ge-Ge bonds, being defects in the glass structure and, thus contribute to the defectiveness of the glassy network.
The results in Table 6 point out that these glasses possess predominantly covalent bonds, supported by the fact that the constituent elements in the studied glasses have close values of electronegativity (Table 2) . It is reasonable to suggest that the covalent network of these glasses will be the decisive factor determining their various properties.
Conclusions
Detailed information about 3-dimensional atomic configurations in new amorphous Ge x Sb 40−x S 50 Te 10 and Ge x Sb 40−x Se 50 Te 10 (x ¼20 and 27 at%) glasses has been obtained from the reverse Monte Carlo modeling of the neutron and X-ray diffraction data. Characteristic structural parameters, such as structure factors, partial atomic pair correlation functions, coordination numbers and bond-angle distribution functions are established. The results identify in the studied glasses Ge related tetrahedral structural units and Sb related trigonal pyramidal units, which are more defective and/or distorted in the S-containing glasses. On the basis of the density data and model simulation of the atomic glassy network for each composition, the basic physical parameters of packing density, average atomic volume and compactness are evaluated.
